Construction and demolition waste (CDW) production is a growing factor on a global scale and its incorrect disposal becomes an increasingly common problem in cities. It is estimated to represent, on average, 50% of the urban solid waste mass in the world. In this sense, an alternative to the destination is their reuse. In this work, the properties of interlocking concrete pieces for paving with the CDW in substitution to large aggregates were analyzed. The substitution occurred in fractions from 20 to 100 wt% of CDW in cylindrical test specimens to find the ideal substitution content, so that to prepare pre-molded concrete blocks. The piece properties obtained were analyzed according to Brazilian standards for compressive strength and water absorption. Therefore, the influence of the residue incorporation in the pieces, from the technical viewpoint, was verified. The sample that presented the best performance had a substitution of 20% of the natural aggregate by crushed CDW.
INTRODUCTION
The construction and demolition waste (CDW) production is an unavoidable fact. The growth of cities and the population increase, together with the rise of raw materials extraction, lead to several environmental and social problems. Incorrect disposal of these wastes in irregular landfills or in inappropriate places promotes habitat destruction, contamination of groundwater, soil and the atmosphere [1] , and acts as a shelter for animals harmful to human health. The politics used by the government with respect to construction and demolition waste is characterized, in most cases, by corrective actions, generating enormous indirect social costs for the society. Civil construction waste (CCW) or construction and demolition waste (CDW) comes from repairs and demolitions of civil works, renovations and those resulting from the land preparation and excavation [2] . Many scientific studies have been published about the CDW use, looking for innovative materials, cleaner products, and processes, in order to mitigate the environmental impacts generated by the construction sector [3] . Other studies are focused on the generation, characterization, and management of CDW [4, 5] . To develop new products, several studies have been conducted on the incorporation of CDW: in clays for the ceramic bricks manufacture [6, 7] , concrete [8] [9] [10] , concrete paving [11] , for masonry and mortars artifacts [4, 12, 13] . These studies show the influence of the added volume, particle size and CDW composition on the final properties of the materials produced.
In Brazil, every year, the construction industry produces a huge volume of waste from construction and demolition processes, estimated at 500 kg/inhabitant/year, may vary according to the human development index (HDI) [12] . In the year 2016, only CDW collection was 45.1 million, and the total percentage generated in the municipalities is even greater since the municipalities collect only the waste abandoned or launched in the public places [14] . In this context, it is necessary a correct management of the CDW, so that its destination reaches a nobler potential use. It is possible through the recycling of its components by the transformation into recycled aggregates to form, for example, pre-molded concrete pieces for interlocking paving for use on urban roads. Interlocking paving is considered a flexible paving that has several layers, the outer paving being made up of concrete pieces juxtaposed with each other and filled by a grout material [15] . On layers previously prepared, pre-molded concrete pieces, commonly called slabs, blocks, parallelepipeds, pavers or drainage pavements, are placed: first on a sand layer, followed by the base, sub-base, and subgrade [16] . In addition, they must have adequate dimensions, compressive strength, abrasion resistance, water absorption, and other characteristics in accordance with the appropriate standards. In an unpublished previous work, it was observed that the presence of small aggregates (<4.8 mm) in specimens prepared with 100% by weight of CDW impaired the mechanical strength of the test bodies. In this sense, this research proposes to study the use of crushed construction waste by replacing natural aggregate (gravel) in pre-molded concrete parts for paving, by applying the current Brazilian standards, aiming at reaching the properties required for manufacturing the pieces.
MATERIALS AND METHODS
Materials characterization: based on previous results, the proportions of 50%, 35% and 15% of concrete, ceramic and mortar, respectively, were adopted as a reference, for the average CDW composition. A pre-selection and CDW collection were made in construction buckets, located in the Presidente Prudente city, São Paulo State. The residues were crushed using a knife mill and mixed in the 50:35:15 composition. As the objective of the work was the replacement in the concrete of the gravel by CDW, only the large fraction was used, between 4.8 and 26 mm. For the determination of granulometric composition, a stirrer and a sieve set (4.8-19 mm) were used, in accordance with NBR 7217 standard [17] . The selected fractions were oven dried and weighed using a semi-analytical balance to determine each percentage. For the specific mass, apparent specific mass and water absorption determination, the samples were immersed in water (for 24 h) using a wire basket, weighed and dried in an oven according to NBR NM 53 standard [18] . For the unit mass and volume of voids determination, a container with an approximate volume of 0.015 m³ and a balance with 50 kg maximum capacity were used, in accordance with 'C method' of the NBR NM 45 standard [19] . The CDW sample was ground, passed through a 170 mesh screen (aperture 88 μm) and subjected to X-ray diffraction (XRD) analysis for the determination of crystalline phases present in the CDW sample; an X-ray diffractometer Shimadzu, XRD-6000, was used.
Trace composition determination: a concrete dosage study was performed to define the reference trace (without residue), based on the IPT/EPUSP method [20] , which consists of a predominantly experimental method. The optimum fine fraction (mortar) content of the concrete was set at 54% and the cone trunk abatement at 10±5 mm, as an intermediate trace. Then two more traces were made, one above and one below the cement fraction, and the specimens were molded for compressive strength (CS) determination. With the results, a dosage diagram was developed, in which it correlated compressive strength, water/cement ratio (w/c), unit trace (ut) and cement consumption (cc) (Fig. 1) . The reference trace (1:4.14 or 1:1.77:2.37, for cement, sand, and gravel, respectively) adopted in the study was obtained from Fig. 1 : starting from 40 MPa, a line parallel to the axis w/c was drawn until reaching the CS×w/c curve (Fig. 1a) ; from this point, a vertical line was drawn up to the line in the relation ut×w/c (Fig. 1b) ; from this point, a line parallel to the axis of the w/c ratio (to the left), was drawn until reaching the ut×cc curve (Fig. 1c) . The application of this method resulted in the following values: 0.385 w/c ratio; 1:4.14 trace and 398.75 kg/m 3 cement consumption. The 40 MPa value, 14.28% above the minimum strength established by NBR 9781 standard (35 MPa, for light vehicles) [15] was chosen considering that the use of recycled waste tends to decrease the piece strength.
Specimen preparation: all specimens were prepared using CP II-Z-32 cement, with dimensions: 10 cm in diameter and 20 cm in height. Before the incorporation of the recycled aggregates into the composition of the traces, it was verified the need to pre-wet them, since the recycled aggregates with high porosity alter the water amount in the mixtures, which can affect the concrete properties in the hardened state and also their hydration [16] . Nine cylindrical specimens were prepared for each composition: reference trace and five traces with 20, 40, 60, 80 and 100% replacement of the large aggregate by crushed and moistened CDW, totalizing 54 specimens. The concrete was mixed using a concrete mixer and the molds with the concrete were densified using a vibrating table. The specimens were demolded after 24 h, identified and stored in a humid chamber until the stipulated breaking age (7 and 28 days) was reached. The specimens were subjected to a surface leveling (capping), using molten sulfur to provide a homogeneous distribution of the force applied during the compression test. Before laying the concrete in the fresh state in the molds, a slump test was performed, depositing the mass in a metallic mold in the cone trunk format in which its mass was divided into three equal parts applying 25 strokes in each layer with a density rod. The mold was removed and the difference between the rod and the mold, which is the concrete abatement (NBR NM 67 [21] ), was measured with a tape measure.
Specimens characterization: the compressive strength tests were performed at the established ages, in accordance with NBR 5739 Brazilian standard [22] , using an EMIC 100 universal press. The water absorption by immersion, void index and specific mass of the specimens were determined using a semi-analytical balance. The specimens were submitted to drying using an oven, immersed in water, and weighed according to all the parameters defined in NBR 9778 standard [23] . All measurements were performed in triplicate.
Pre-molded concrete pieces: from the results obtained with the specimens, 3 hexagonal concrete pieces and 6 rectangular pieces for each sample were made, following the methodology used in the specimen preparation. In the pre-molded pieces preparation, the hexagonal shape had 8 cm thickness, 30 cm longitudinal dimension and each side edge measured 18 cm. According to NBR 9781 standard, this hexagonal piece is characterized as Type III pieces, weighing more than 4 kg. The rectangular pieces had 8 cm thickness, 24 cm length, and 14 cm width. The hexagonal pieces were submitted only to the water absorption test [15] J and the rectangular pieces were rectified with cement paste on both sides and submitted to the compression test.
RESULTS AND DISCUSSION
XRD pattern of the CDW powder showed two main identified phases: silicon oxide (quartz-α), mainly from sand, and calcium carbonate (calcite) from the mortar lime (Fig. 2) . This silicon oxide was well crystallized and did not contribute to the reactions that occurred during the curing of concrete.
As the ceramic residue was more porous than the other materials that composed the concrete, it caused an increase in water absorption and consequently in the water/ cement ratio [9, 11] . Therefore, the higher its percentage in concrete, the greater the water amount required in the mixture. Other studies [13, 24] showed that 10 min of prewetting is sufficient so that the trace preparation did not become a time-consuming process and it was found that, in this time, CDW absorbed more than 95% of the water that would be absorbed in 24 h. On the other hand, if the ceramic material releases part of this water to the concrete, this water excess could damage the final strength of piece [13, 24] . In the slump test, it was observed that the higher CDW concentration in the concrete, the higher was the cone trunk abatement (CTA), for the same water/cement ratio (Fig. 3) . Since all parameters were unchanged, the increase in the CTA value was attributed to the release of water by the CDW, mainly by the ceramic material.
Granulometry tests (Fig. 4) showed that the particle size distribution curve of CDW was closer to gravel ½ (2.4 up to 19 mm) than gravel 1 (6.3 up to 19 mm). Therefore, crushed stone ½ was used in all procedures. In the grain size curves, it was observed that despite the differences between the natural aggregate and the crushed CDW, the granulometric distributions were similar between these materials, which passed about 80% through the intermediate series sieve with 12.5 mm opening. Table I summarizes the test results for specific mass, apparent specific mass, water absorption, and unit mass determination. As expected, it was verified that the CDW had lower specific mass and unit mass. But it presented about seven times higher water absorption in relation to the natural aggregate (gravel), which was within the absorption parameter allowed by the standard (≤12%) [24, 25] , mainly due to its high porosity [9, 12, 26] . Also, the CDW specific mass was smaller than the reference aggregate [10] , associated with the presence of more porous material in the residue composition. Although the water absorption was higher, the lower specific mass for the CDW allowed the production of samples relatively lighter than those obtained with natural aggregate. Fig. 5 presents the average compressive strength values obtained at 7 and 28 days of the specimens with gravel replaced by CDW in 0, 20, 40, 60, 80 and 100%. The results showed that there was a continuous decrease in the mechanical strength of the concrete with the increase in CDW percentage. This reduction in strength was due to the CDW composition and mainly to the presence of ceramic material, that presents greater porosity and less mechanical strength than the gravel. After 28 days of curing, only the specimens with 20% substitution for CDW reached the minimum strength required by the Brazilian standard (≥35 MPa), presenting strength of 37.61 MPa. This composition can allow its use for the fabrication of pieces for sidewalks and traffic of light vehicles paving, according to Brazilian standard [15] . This value may change according to the regulations of each country [27] . In the study [28] , a similar value was found (29.6 MPa), however, replacing 25 wt% of the concrete aggregate by crushed ceramic blocks. It was reported that this replacement percentage decreases the compressive strength by about 37% when compared to the pure sample (28 days). In our case, this decrease was approximately 18%. The other compositions, with substitutions above 20%, had mechanical strength higher than 20 MPa, after 28 days, which is the minimum value required for structural concrete [9] . Table II shows the water absorption results for the specimens without CDW and with 20% CDW. As expected, it was observed that specimens containing CDW showed higher water absorption when compared to reference trace specimens, without CDW. This is due to the presence of ceramic material with a higher void content (open porosity). In the same way, the ceramic material decreased the dry saturated and real specific mass of the specimens with CDW. These results corroborate the study [28] , which presented higher values of water absorption and smaller specific mass for samples with 25 wt% of crushed ceramic blocks in substitution to the concrete aggregate. In this case, the presence of ceramic aggregates was responsible for this variation. In the studies [28, 29] , the reference blocks already presented higher values of water absorption and specific mass than those found in our study.
The water absorption and compression tests, presented below, were done using pieces with the reference trace and with 20% CDW incorporated in the mixture, which corresponded to that considered as the ideal replacement in this work. Fig. 6 shows the water absorption results for the hexagonal blocks. It can be stated that the pieces containing CDW demonstrated excellent performance compared to the parameters established by the standard [15] , whose maximum average value is 6%, not being accepted any value that exceeds 7% of absorption. The pieces without residue incorporated in the trace resulted in 4.07% of absorption, whereas those with 20% CDW showed 4.41% (Fig. 6) , that is, 0.34% more than the first one. The presence of CDW in the concrete, as already mentioned, increased the water absorption due to its greater porosity.
In Fig. 7 , the results regarding the axial compression of the rectangular pieces are shown. It is worth noting that the rectangular pieces presented an excellent performance (>45 MPa), as well as for the cylindrical specimens (>35 MPa), for 28 days of curing, meeting the Brazilian standard requirement [15] . For the compression test, the use of the rectangular pieces was necessary since the standard requests that the piece width does not exceed 140 mm.
CONCLUSIONS
Due to the higher water absorption by the CDW, it was observed that the pre-humidification of residue, before mixing, is fundamental to obtain the results presented in this work. The humidification influence varied with the CDW percentage added, as it released water and influenced the water/cement ratio. From the characterization, analysis and tests performed, it was observed that the aggregate replacement by the crushed CDW, despite damaging the concrete properties, presented an excellent performance comparing to the values established by the technical standards. Samples with 20% CDW substituting aggregate, after 28 days of curing, showed a minimum compressive strength greater than 35 MPa, which is the limit established by the Brazilian standard. In addition, due to the presence of ceramic material, with higher porosity and void index, samples with CDW had a lower specific mass than those without CDW in their composition. These results showed that the replacement of gravel by up to 20% CDW in concrete for pre-molded pieces is feasible considering the Brazilian standards. Therefore, the CDW reuse in this product type can lead to an immediate consequence of reducing improperly accumulated waste in the environment, in addition resulting in less consumption of raw material in the construction industry.
